The multijoint responses to active-assist, constantvelocity movements of the elbow joint were measured in 14 individuals post stroke and 9 neurologically intact controls. Resulting responses in the stroke group illustrated a change in the reflex coupling of the elbow and shoulder muscles compared with passive perturbations of the spastic elbow. Voluntary effort during constant-velocity elbow extension resulted in reflex shoulder abduction, differing from the reflex coupling observed between the elbow flexors and shoulder adductors observed during passive elbow extension. These results suggest that post stroke, voluntary drive alters reflex coupling of the elbow and shoulder. Flexion of the elbow during active-assist also resulted in reflex coupling. Shoulder abduction torque decreased with constant-velocity flexion of the elbow; however, no net adduction was observed at the end of the perturbation. Shoulder flexion/extension and internal/external rotation torque responses demonstrated similar modulations to imposed active-assist perturbations of the elbow in subjects post stroke. Responses were absent during passive perturbations of the control elbow; however, shoulder torque modulations were observed during constant-velocity, active-assist tasks. The active-assist response patterns in controls were similar to stroke subjects during the extension task but opposite during flexion of the elbow. This study provides evidence of a neural coupling between elbow and shoulder muscles and a modulation of this coupling during voluntary drive of the spastic arm.
The multijoint responses to active-assist, constantvelocity movements of the elbow joint were measured in 14 individuals post stroke and 9 neurologically intact controls. Resulting responses in the stroke group illustrated a change in the reflex coupling of the elbow and shoulder muscles compared with passive perturbations of the spastic elbow. Voluntary effort during constant-velocity elbow extension resulted in reflex shoulder abduction, differing from the reflex coupling observed between the elbow flexors and shoulder adductors observed during passive elbow extension. These results suggest that post stroke, voluntary drive alters reflex coupling of the elbow and shoulder. Flexion of the elbow during active-assist also resulted in reflex coupling. Shoulder abduction torque decreased with constant-velocity flexion of the elbow; however, no net adduction was observed at the end of the perturbation. Shoulder flexion/extension and internal/external rotation torque responses demonstrated similar modulations to imposed active-assist perturbations of the elbow in subjects post stroke. Responses were absent during passive perturbations of the control elbow; however, shoulder torque modulations were observed during constant-velocity, active-assist tasks. The active-assist response patterns in controls were similar to stroke subjects during the extension task but opposite during flexion of the elbow. This study provides evidence of a neural coupling between elbow and shoulder muscles and a modulation of this coupling during voluntary drive of the spastic arm.
I N T R O D U C T I O N
The purpose of this study was to characterize the reflex coupling of the elbow and shoulder muscles during voluntary effort, using constant-velocity movements of the paretic elbow and compare the subsequent multijoint responses to those observed during relaxed constant-velocity imposed movements. For the purpose of this paper, relaxed constant-velocity movements of the elbow will be denoted as "passive" and voluntarily assisted constant-velocity movements of the elbow will be denoted as "active-assist." The present study was intended to demonstrate the differences in response of muscles of both the elbow and shoulder while only the elbow was stretched in the relaxed state and the voluntarily activated state. We indicate the automatically evoked responses that occur during the stretch of the elbow as "reflex" responses. Imposed movements of the elbow produce pronounced stretch reflex activity in relaxed poststroke subjects, even at moderate speeds (Schmit et al. 1999 (Schmit et al. , 2000 . In addition to homonymous stretch reflexes, the response to a passive elbow extension also produces a reflexive vertical adduction torque at the shoulder that cannot be solely accounted for by the activation of elbow flexors (Sangani et al. 2007 ). This observation suggests that reflex responses of the arm consist of complex reactions involving nonstretched muscles at different joints. Further, it raises the question of whether these heteronymous reflex responses also occur during voluntary effort. Such involvement could impact individuation of targeted muscle activity and, ultimately, coordination of movement post stroke.
The coupling of elbow and shoulder muscles has been previously reported during voluntary effort in people post stroke (e.g., see Beer et al. 2004; Bourbonnais et al. 1989; Cirstea and Levin 2000) . This coupling involves activity in specific muscle groups throughout the arm, resulting in stereotypical synergy patterns of flexion or extension (Brunnstrom 1970) . The coupling of elbow and shoulder musculature has also been examined in detail during voluntary isometric tasks post stroke, demonstrating a strong association between the shoulder abductors and elbow flexors and between shoulder adductors and elbow extensors . The mechanism of this discoordination is largely unknown but could involve cortical reorganization (Nudo 2003) , changes in brain stem drive (Schepens and Drew 2004; Schwerin et al. 2008; Werner et al. 1997) or changes in the excitability of spinal networks (Hultborn 2003) . A component of the coupling between the elbow and shoulder could also be mediated through reflex excitation at one joint in response to movement of the opposite joint. Thus the investigation of changes in reflex coupling of the elbow and shoulder under voluntary conditions would improve our understanding of the mechanisms of elbow-shoulder discoordination.
Active-assist movements, which combine an imposed, constant-velocity movement with voluntary activation, have been used previously to assess homonymous reflex function post stroke. Specifically, active-assist movements of the impaired elbow of stroke subjects produce stretch reflex activation of the antagonists (e.g., brachioradialis), thereby resulting in a deficit in primary torque production (Lum et al. 2004) . Similarly, speed-dependent antagonist activation limits active-assist torque production at the knee post stroke (Knutsson et al. 1997) . Interestingly, similar active-assist movement perturbations of the elbow in neurologically intact controls demonstrate an absence of stretch reflexes when the primary focus is to provide a constant effort in the direction of motion (Burgess et al. 2002) . Thus the stretch reflex activation of the antagonists observed during active-assist movements post-stroke appears to result from a deficit in the descending regulation of stretch reflex excitability during voluntary contractions. Although these deficits in stretch reflex regulation have been well described, problems related to the modulation in elbow-shoulder reflex coupling during voluntary tasks have been largely unstudied.
In the current study, we hypothesized that convergence of descending drive and reflex feedback would modulate the heteronymous coupling of the elbow and shoulder muscles during active-assist movements of the paretic elbow. This hypothesis was tested by measuring the elbow and shoulder torque and electromyographic (EMG) responses of elbow and shoulder muscles to passive and active-assist elbow movements in subjects post stroke and in neurologically intact controls.
M E T H O D S

Subjects
Fourteen subjects with stroke, recruited through the outpatient clinics of Froedtert Hospital, Milwaukee, WI, and nine neurologically intact, age-matched controls participated in this study. The primary clinical features of the study volunteers are summarized in Table 1 . The stroke subject inclusion criteria for participation in the study included Ն21 yr of age and a history of stroke resulting in clinical spasticity of the upper extremity. Exclusion criteria included subjects that had fixed contractures or a history of tendon transfer in the affected limb; the inability to give informed consent, subjects with a diagnosis of myasthenia gravis, Eaton-Lambert syndrome, amyotrophic lateral sclerosis, or any other disease that might interfere with neuromuscular function; subjects using amino glycoside antibiotics, curare-like agents, or other agents that might interfere with neuromuscular function; subjects with profound atrophy or excessive weakness of the muscles of the arm; and subjects with a systemic infection.
The following clinical assessments were performed on each subject: the Ashworth Spasticity Scale (Ashworth 1964) and the Fugl-Meyer Evaluation of Physical Performance (Fugl-Meyer et al. 1975 ) (see Table 1 ). Control subjects were required to have no history of neurological illness or any other pathology of the upper extremity. The study was initiated after informed consent was obtained, was conducted in accord with the Helsinki Declaration of 1975, and was approved by the Institutional Review Board of Marquette University.
Experimental apparatus
The experimental apparatus and subject preparation used in this study have been described previously (Sangani et al. 2007; Starsky et al. 2005) . Briefly, the study was performed using a Biodex Rehabilitation/Testing System 3 (Biodex Medical Systems, Shirley, NY), which was used to apply ramp-and-hold perturbations to the elbow for stretch reflex measurements. The affected hand and wrist of the subject were placed into the manipulandum such that the joint line of the elbow was aligned with the axis of rotation of the Biodex motor (Fig. 1A) . A six-axis load cell (JR3, Woodland, CA) was attached to the manipulandum, which measured the corresponding forces and moments along three principal axes (x, y, and z) as illustrated in Fig.  1 . The motor position was adjusted to achieve a shoulder abduction of 80°and a shoulder flexion of 20°. A custom instrumented brace, constructed using a standard functional position splint (Roylan, Bolingbrook, IL) was mounted onto the experimental apparatus. The splint was adjusted to place the wrist in a neutral posture (Fig. 1) . With full elbow extension defined as 180°, the elbow was moved through a constant range of elbow motion, from 70 to 150°elbow extension. Shoulder belts were used to limit trunk and scapular motion and the arm was visually monitored to assure alignment as verified by an absence of upper arm translation during manual elbow rotation.
Experimental protocol
Each trial consisted of five consecutive constant-velocity ramp movements imposed to the elbow joint through the preset range of 
Subject s, individuals with stroke; c, neurologically intact control subjects. *M, male; F, female. †Based on Fugl-Meyer Scale (FM) (0 -66) (Fugl-Meyer et al. 1975) . ‡Ashworth Scale (AS) for the elbow (0 -4) (Ashworth 1964) . §Analysis EMG Ϫ Data from these subjects were used to calculate the ensemble averages for RMS values of the elbow and shoulder muscle electromyographic (EMG) responses. Data from these subjects were used to calculate the ensemble averages for elbow and shoulder torque responses.
motion. The trial began with the elbow in the flexed posture, and then a constant-velocity extension movement was imposed at the elbow until the elbow reached the predetermined extension posture. The elbow was then held in the extended posture for 3-5 s and returned to the flexed posture at the same velocity. The movements were repeated for five stretches with a 3-to 5-s hold at each end of each flexion/ extension movement. The first and the last perturbation involved passive movement of the elbow (passive task), during which the subject was instructed to relax, similar to the do-not-intervene paradigm used in previous studies (Burgess et al. 1995; Feldman 1986 ). The EMGs of the muscles being stretched were continuously monitored on an oscilloscope throughout the experiment to ensure that the subject was relaxed prior to passive-movement initiation. During the middle three movement perturbations (active-assist tasks), the subject was instructed to preactivate the agonists and voluntarily assist with maximum effort in the direction of movement throughout the period of the movement. Verbal encouragement was provided throughout the voluntary portions of the experiment. Thus this paradigm was different from those used in previous studies where the subject is asked either to "intervene voluntarily" or "provide a constant effort" (Burgess 1985) . In addition, we did not monitor whether the subject produced a constant effort because the instruction was to provide maximal effort before and during the active-assist trial. Of the two passive perturbations, only the first passive perturbation was used for comparison with the active-assist responses because the last passive perturbation may have been influenced by the preceding active-assist tasks. Two different test velocities of 30 and 60 o /s were applied in a random order. Three trials of a single elbow rotation through the preset range of motion at 6°/s were also imposed prior to and after the active-assist trials to determine the passive (i.e., no muscle activity) torques. This slow velocity did not produce a stretch reflex response, as evidenced by an absence of detectable EMG signals. A minimum of 1-min rest was allowed between trials. The active-assist trials were applied in a series of two epochs, with each epoch consisting of one trial at each velocity, in random order.
EMG and torque measurements
Surface EMG recordings were made of the medial deltoid, the pectoralis major, the biceps, and the lateral head of the triceps. Surface EMG electrodes (Motion Lab Systems, Baton Rouge, LA) were placed over the muscle bellies on lightly abraded skin, and the signals were amplified (10,000 times) and low-pass filtered (500 Hz) prior to sampling. Load cell, velocity, and position signals were low-pass filtered with a custom hardware circuit at 250 Hz, and all signals (including the EMGs) were digitized at 1,000 sample/s using a PC computer with a SCB-100 data acquisition board (National Instruments, Austin TX) using custom LabVIEW software (National Instruments) .
Reflex torques at the elbow and shoulder joint were calculated from the load cell measurements and used as the primary measurement of the reflex response to passive and active-assist elbow movements. The load cell data consisted of forces and moments along the three principal axes during the entire movement cycle. All torque signals were filtered using a 10-point moving window median filter to remove outlier noise evident in the raw data. The load cell signals were then low-pass filtered at 20 Hz using a zero phase delay filter (the filtfilt function of MATLAB, Mathworks, Natick, MA). The active stretch reflex torque was obtained by subtracting the passive (no muscle activity) torque measured at slow velocity (6°/s) from each signal obtained during both passive task (relaxed constant-velocity perturbation) and active-assist tasks at higher test velocities (30 and 60°/s) as calculated in previous studies (Sangani et al. 2007; Starsky et al. 2005) . This process accounted for artifacts resulting from the weight of the arm or from the nonviscous passive properties of the joints. We then assumed that the passive viscous elements were negligible, which is considered a reasonable assumption for the elbow .
The active joint torques of the elbow and shoulder were calculated from the multiaxis load cell data. The z-axis of the load cell was aligned with the elbow joint, perpendicular to the lateral humerus, providing a direct measure of elbow torque. The shoulder torques for abduction/adduction, flexion/extension and external/internal rotation were then calculated using methods described previously (Sangani et al. 2007 ).
Quantifying EMG and torque measurements
EMG data were used to confirm reflex joint torque measurements and for interpretation of the results. EMG signals were processed to obtain the root mean square (RMS) value, representing the level of muscle activity of each muscle. EMG signals were first bandstop filtered between 57 and 63 Hz. RMS values of the EMG signals were calculated using custom code written in MATLAB. The magnitude of the resulting RMS signal of each muscle was normalized by the maximum RMS value obtained during preactivation of the activeassist extension or flexion movements (whichever value was larger). RMS and individual elbow and shoulder torque values were quantified during three fixed time intervals including "PRE" (200 ms before the start of movement), "TRANS" (100 ms before and 100 ms after the joint elbow angle reached 110 o , or halfway through the range of motion), and "POST" (200 ms after the inertial artifact due to deceleration). Custom code written in MATLAB was used to select the above intervals from the velocity and position data.
To characterize the pattern of the response, average elbow and shoulder joint torques were calculated across all trials and then across all stroke subjects (n ϭ 14) and all neurologically intact controls (n ϭ 9) for flexion and extension movements of the elbow at test velocities of 30 and 60°/s. The responses to the 60°/s test velocity were used for further analysis as they were more consistent and less noisy compared with the responses observed at 30°/s. For the EMG analysis, data from only the first 10 stroke subjects and all control subjects (n ϭ 9) were used to calculate an average. The EMG data from subjects 11-14 were FIG. 1. Experimental setup of Biodex rehabilitation/testing system 3. Movements were imposed to the impaired elbow of people with stroke using the Biodex system. The forearm was clamped to a manipulandum, with the elbow aligned with the axis of rotation of the motor. The elbow was placed directly above a 6-axis-load cell, which measured the forces and torques in the x, y, and z directions. Note that elbow flexion/extension torque was defined as the torque measurement in the z direction. Complete elbow extension was defined as 180°. Using the arm length and elbow and shoulder angle measurements, the torques produced at the shoulder were measured. Shoulder abduction/adduction was defined along the y axis at the shoulder, flexion/extension along the z axis, and internal/external rotation along the x axis. An instrumented brace constructed using a standard functional position splint was adjusted to hold the wrist in a neutral position.
excluded from the analysis because EMGs from a different set of muscles were collected in those subjects. Ensemble averages of elbow and shoulder joint torques were also calculated across the same first 10 subjects to make sure that the characteristics of the resulting responses were similar to the pattern observed across all 14 subjects. The individual joint torques and RMS values of the respective EMGs were then quantified by measuring the peak, and average value within each temporal window (PRE, TRANS, and POST) to demonstrate the changes associated with active-assist movements of the paretic elbow.
Statistical analysis on torque and EMG measurements
The quantified PRE and POST values of the EMG and torque responses for the active-assist trials were compared across subject groups and test velocities using a multivariate ANOVA (MANOVA; ␣ ϭ 0.05). The dependent variables were PRE and POST periods of the four muscles studied (biceps, triceps, deltoid, and pectoralis major) and the respective elbow and shoulder torques. Additional post hoc analyses with univariate ANOVAs were conducted for factors that demonstrated significance based on Wilk's lamda. Additional analysis was performed to compare the elbow and shoulder torque responses across the two individual tasks using a univariate ANOVA (␣ ϭ 0.05) with the tasks (passive and active-assist) as the independent factor to determine if voluntary effort produced a significant change in the characteristics of the response. PRE and POST EMG values of the individual active-assist trials were then compared across the subject groups using a paired t-test (␣ ϭ 0.05). In particular, the EMG values demonstrating the largest change during the active-assist movements were identified. Finally, linear regression (␣ ϭ 0.05) was performed on the PRE, TRANS, and POST values of the individual elbow and shoulder torques as well on the individual EMG responses across all stroke subjects during both passive and active-assist trials to determine any significant modulation of the response across the temporal windows. SPSS 16.0 software (SPSS, Chicago IL) was used for conducting all statistical analyses.
R E S U L T S
Elbow reflex response-typical results
In neurologically intact controls, passive movement perturbations demonstrated an absence of reflex torque and EMG responses during extension and flexion perturbations at both test velocities of 30 and 60°/s (Fig. 2) . Elbow torque responses along with elbow and shoulder muscle EMG responses of a single neurologically intact control (subject 5c) during the passive and active-assist elbow movement perturbations at a test velocity of 60°/s are shown in Fig. 2 (C and D) . The response was representative of the response observed across all control subjects. Control subjects maintained the amount of preactivation torque (shaded region) throughout the movement perturbation (demarcated by . . .) during both active-assist extension and flexion of the elbow as evidenced from the EMG response of the biceps (3rd row) and triceps (4th row) and elbow torque response (2nd row; Fig. 2D ). The pectoralis major muscle showed minimal activation during both active-assist extension and flexion perturbation of the elbow (Fig. 2D) . Activation of the medial deltoid, a primary abductor of the shoulder was observed during active-assist extension of the elbow (Fig. 2D) .
In the stroke group, active-assist perturbations of the spastic elbow produced changes in the synergistic patterns of torque responses generated at the elbow and shoulder over the course of the movement. Elbow torque responses, along with elbow and shoulder muscle EMG responses of a single stroke subject (subject 4s, FM score: 14) during passive and active-assist elbow movement perturbations at a test velocity of 60 o /s are shown in Fig. 2 (A and B) . The response was representative of responses observed across all stroke subjects. Passive extension of the spastic elbow produced stretch reflex activation of the biceps and a resulting reflex elbow flexion torque as shown in Fig. 2A . A similar response was seen during passive flexion of the spastic elbow although with a relatively smaller activation of the triceps muscle.
Active-assist perturbations of the elbow joint produced a strong modulation of joint torques and EMGs throughout the arm, over the course of the movement, as shown in Fig. 2B . Preactivation of the agonists was observed in the EMG of both elbow flexors and extensors and was also evident from the torques generated at the elbow (shaded region). However, an increasing activation of the antagonist muscles was observed during the movement (demarcated by . . .), which counteracted the agonist muscle activity. This resulted in switching of the torque pattern from elbow extension to a net elbow flexion during active-assist extension perturbations. Likewise, a change from elbow flexion to a net elbow extension occurred during the active-assist flexion perturbation (Fig. 2B ). Higher activation of the antagonists with movement was evident in the EMG responses of both elbow extensors (triceps) and flexors (biceps). Hence activation of both the biceps and triceps muscles occurred during an imposed stretch of the elbow joint in both passive and active-assist tasks, and the activation was stronger during the active-assist tasks.
Coactivation of the shoulder muscles was also observed during the active-assist tasks, suggesting a multijoint response to stretch of the voluntarily active elbow in stroke subjects. The medial deltoid elicited an increased response during activeassist extension of the elbow (Fig. 2B ) similar to the response observed in neurologically intact controls (Fig. 2D) . The medial deltoid also elicited an increased response during activeassist flexion of the elbow joint (Fig. 2B) , which was not observed or was very low in control subjects (D).
Elbow-shoulder reflex response-typical results
The elbow and shoulder torque responses to passive extension and flexion of the elbow in a stroke subject (subject 12s, FM score: 29) and a neurologically intact control (subject 6c) at test velocity of 60°/s are shown in Fig. 3 . Passive extension of the paretic arm resulted in shoulder adduction and shoulder flexion in 12 of 14 subjects (Fig. 3A) consistent with the results obtained in a previous study (Sangani et al. 2007 ). During passive elbow flexion, the response in the stroke subject exhibited reflex elbow extension, along with shoulder abduction, shoulder extension and shoulder external rotation (Fig.  3B) . Note that the passive response in the elbow extensors (during the flexion perturbation) was small compared with the elbow flexors (during imposed elbow extension) in this case. A reduced triceps reflex response during the passive elbow flexion perturbation was also evident from the EMG signals ( Fig.  2A) . The response was representative of the response observed across all stroke subjects. Reflex torque responses at both the elbow and shoulder were absent in the control subject at both test velocities (30 and 60°/s) during passive perturbations of the elbow (e.g., see Fig. 3, C and D) , typical of all subjects in the control test group. Hence the overall response to passive movement of the elbow demonstrated evidence of reflex torque 2. Torque and electromyographic (EMG) responses during passive and active-assist movement of the elbow at the velocity of 60°/s are shown for an individual post stroke (subject 4s, FM score: 14; A and B) and a neurologically intact control subject (subject 5c; C and D). Top row: the velocity of the motor, followed by elbow extension/flexion torque (Nm) and EMGs of the biceps, triceps, pectoralis major, and medial head of the deltoid. In stroke subjects, passive extension and flexion of the elbow elicited stretch reflex excitation of the antagonist muscle (A). In control subjects, both passive extension and flexion of the elbow did not elicit a response in either the elbow or the shoulder muscles (C). During the active-assist task, both stroke subjects and controls produced a strong activation of the agonist (for example, triceps muscle activation just before the motor extended the elbow) as indicated by the subject's isometric preactivation effort (shaded region), which was maintained throughout the movement (B). However, in stroke subjects, a stronger activation of the antagonist muscle with movement (demarcated by . . .) switched the direction of the torque produced before the movement despite a maintained agonist effort throughout the trial (B).
coupling between the elbow and shoulder in the paretic arm but not in controls. However, it should be noted that we cannot completely eliminate the possibility of reflex coupling in control subjects because the present results were obtained at slow stretch velocities that do not produce a consistent stretch reflexes in neurologically intact controls (Thilmann et al. 1990 ).
Preactivation of the agonists during active-assist elbow extension resulted in elbow extension torque, which could be observed in both stroke subjects and controls prior to movement of the limb (Fig. 3, A and C) . The shaded bars in Fig. 3 illustrate the 200-ms windows used to quantify the PRE movement and POST movement torque responses. Arrows indicate the start (left arrow) and termination (right arrow) of the motion. Although only one stroke and one control subject are shown in Fig. 3 , these responses were typical of each test group. Control subjects generally maintained a consistent amount of targeted torque (elbow extension) throughout the movement duration (Fig. 3C) , whereas in stroke subjects, activation of the antagonists switched the net torque from elbow extension to elbow flexion as shown in Fig. 3A . Sustained activation of the triceps during active-assist extension, as indicated by the EMG shown in Fig. 2B , was typically observed, suggesting the responses were associated with activation of other muscles, rather than a decrease in the agonists.
A difference in the shoulder response to active-assist movements was observed in comparison to passive movements of the spastic elbow in individual subjects (Fig. 3A) . Specifically, the shoulder adduction observed during preactivation of the elbow extensors (PRE) changed to shoulder abduction during stretch activation of the elbow flexors (POST; Fig. 3A ). Thus excitation of shoulder adductors produced with stretch activation of the biceps during passive extension of the elbow switched to excitation of shoulder abductors during activeassist extension of the elbow. Shoulder extension/flexion and shoulder internal/external rotation torque responses often demonstrated transitions in torque patterns with active-assist movements of the elbow; however, the POST responses were generally not very different from the PRE values with active-assist extension of the elbow. Further, shoulder flexion and shoulder rotation responses did not exhibit a change compared with the response observed with passive movement of the elbow (Fig.  3A) . The torque responses of the controls consisted of a maintained primary torque throughout the perturbation of the elbow. Shoulder torque responses in normal control subjects showed patterns that were generally similar to those observed in stroke subjects with the exception of the shoulder rotation torque (Fig. 3C) . The reflex torques produced at the elbow and shoulder during passive and active-assist extension and flexion of the elbow at the test velocity of 60°/s are shown in a representative stroke subject (subject 12s, FM score: 29) and a neurologically intact control (subject 6c; A and B: stroke subject; C and D: control subject). Reflex torques during passive extension of the spastic elbow consisted of elbow flexion, which resisted the movement, along with shoulder adduction, shoulder flexion, and shoulder internal rotation (A). An absence of reflex torque in normal control subjects to the passive elbow perturbation can also be seen (C and D). Preactivation of the elbow extensors produced shoulder adduction, which switched to shoulder abduction during stretch reflex activation of the biceps (B). Passive elbow flexion produced a very small elbow extension torque, opposing the movement, along with shoulder abduction, shoulder extension and shoulder external rotation (B). Preactiavtion of the elbow extensors in stroke subjects produced shoulder abduction, which remained in abduction in response to stretch reflex activation of the triceps (D).
Active-assist flexion of the elbow also produced coupling responses between the elbow and shoulder. In post stroke subjects, preactivation of the elbow flexors resulted in elbow flexion torque that reduced or switched to elbow extension torque during flexion movement as shown for the example case in Fig. 3C . Shoulder abduction torque generated during preactivation of the elbow flexors in stroke subjects was reduced during movement of the elbow; however, the torque did not generally switch to shoulder adduction at the end of movement (Fig. 3C) . Shoulder flexion torque generated during preactivation also decreased with elbow flexion movement, whereas shoulder internal rotation torque typically changed to shoulder external rotation in response to stretch of the triceps.
Neurologically intact controls maintained preactivated elbow flexion torque throughout the movement as shown in Fig. 3D . Control subjects also modulated the shoulder torque during the movement of the elbow; however, the shoulder torque responses generated during movement by controls had a different pattern compared with the modulation demonstrated by stroke subjects. Neurologically intact control responses initially demonstrated shoulder adduction with preactivation of the elbow flexors, which switched to shoulder abduction by the end of the movement trial (Fig.  3D ). Shoulder flexion, in response to preactivation of elbow flexors, was enhanced with movement, while shoulder external rotation transitioned to shoulder internal rotation with movement of the elbow.
Aggregate torque response in controls versus stroke subjects
Averages of the respective elbow and shoulder torques across subjects illustrated the change in shoulder and elbow torque responses from premovement to termination of activeassist movement of the spastic elbow for the stroke and neurologically intact groups (Fig. 4) . It is evident from Fig. 4A that unlike control subjects (---), subjects post stroke (-) were unable to maintain the elbow torque generated prior to movement (ANOVA, P Ͻ 0.0001, PRE vs. POST). Shoulder adduction torque generated isometrically prior to movement changed to shoulder abduction with extension of the paretic . Ensemble averaged reflex elbow and shoulder torque responses for control subjects (dashed lines, n ϭ 9) and stroke subjects (thick lines n ϭ 14) during active-assist elbow extension and flexion at a test velocity of 60°/s are shown. Arrows indicate the start and termination of movement and shaded regions indicate the 200-ms time interval before (PRE) and 200 ms after (POST) the termination of movement. Active-assist elbow extension produced stretch reflex activation of the biceps muscle resulting in reflex elbow flexion torque (A) along with shoulder abduction (B). Shoulder adduction produced with preactivation of the triceps in control subjects was also maintained through the duration of movement (A). Active-assist elbow flexion of the paretic arm produced stretch reflex excitation of the triceps, resulting in reflex elbow extension torque (A). Preactivated shoulder abduction torque did not switch to shoulder adduction, although the magnitude of abduction decreased at the end of movement (B). elbow (Fig. 4B, -) . Neurologically intact control subjects demonstrated shoulder adduction in response to preactivation of the triceps (---) ; however, no transition to shoulder abduction was observed with movement of the elbow (Fig. 4B, ---) . Shoulder extension/flexion and shoulder internal/external rotation torque showed similar changes in torque patterns with movement of the motor for both passive and active-assist perturbation of the spastic elbow (Fig. 4, C and D, -) . However, shoulder internal/external rotation torque responses observed with active-assist movement of the elbow were enhanced compared with the passive elbow perturbation responses.
EMG responses
Average RMS signals of the EMGs of both the elbow and shoulder muscles correlated with the changes in torque patterns described in the preceding text. The RMS signals from each muscle were normalized by the maximum preactivated RMS value of that muscle obtained during either active-assist extension or flexion of the elbow and then an average was calculated for the response in both stroke subjects (-) and controls (---) as illustrated in Fig. 5 . The response in the elbow muscles of stroke subjects demonstrated a higher excitation in response to stretch compared with voluntary activation, which likely accounts for the modulation of elbow torque with active-assist movements (Fig. 5A, -) . Note that the biceps muscle showed approximately a 2.5-times increase in response to stretch compared with when they were maximally voluntarily activated by the subject. The response in the triceps muscle also showed a similar increase during the end of the movement, when they were maximally stretched (Fig. 5B, -) . EMG responses of the control subjects (---) showed no antagonist activation throughout the movement during both active-assist extension and flexion of the elbow (Fig. 5, A and B, ---) .
The targeted (agonist) muscle group tended to maintain a consistent level of activity throughout the imposed motion in both stroke subjects (-) and controls (---), suggesting that the modulation of elbow torque in stroke subjects was associated primarily with activation of the antagonists (Fig.  5, A and B) . The pectoralis major, a shoulder adductor, showed increased excitation in response to an increased stretch reflex excitation of the biceps during active-assist elbow extension in stroke subjects (Fig. 5C, -) . However, no similar activation of the pectoralis major muscle was observed in the response of control subjects (Fig. 5C, ---) , suggesting heteronymous activation of the pectoralis major muscles in response to stretch of the elbow flexors was limited to subjects post stroke. The medial deltoid, which abducts the shoulder, came on equally strong during both active-assist extension and flexion of the elbow in stroke subjects (Fig. 5, A and B, -) . The response corresponded well with the shoulder abduction torque observed during active-assist tasks in subjects post stroke. The response in control subjects showed similar activation of the medial deltoid during active-assist extension of the elbow (Fig. 5D, ---) ; however, the response to active-assist flexion of elbow was either absent or very low compared with response in stroke subjects, again suggesting a higher heteronymous activation of the medial deltoid in response to stretch of the elbow extensors in subjects post stroke.
Quantified torque and EMG response
Elbow and shoulder torque responses to passive and active-assist extension and flexion of the paretic arm at 30 and 60°/s for all three temporal components (PRE, TRANS, and POST) are shown in Fig. 6 . Passive elbow extension of the paretic arm produced reflex elbow flexion and similarly, passive elbow flexion produced stretch reflex excitation of the triceps generating reflex elbow extension torque (Fig.  6A) . A similar but an enhanced response was observed during the active-assist task (shaded arrows) indicating increased excitation of the stretched antagonist (ANOVA, P Ͻ 0.0001, passive vs. active-assist) as evidenced by a decrease, or change in direction, of the targeted torque (Fig. 6A) .
Shoulder adduction was produced in 12 of the 14 subjects in response to passive extension of the paretic elbow (Fig.  6B) , similar to the results obtained in previous studies (Sangani et al. 2007 ); however, active-assist extension of the elbow produced shoulder abduction in response to stretch activation of the biceps, which differed from the passive conditions (ANOVA, P Ͻ 0.05, passive vs. activeassist). A reduction in shoulder abduction was observed with active-assist flexion of the elbow; however, the torque did not switch to shoulder adduction at the termination of movement (ANOVA, P ϭ 0.861, PRE vs. POST). Note that shoulder abduction/adduction was the only degree of freedom in which the pattern of the response during the movement reversed for active-assist versus passive conditions (Fig. 6) .
Shoulder flexion/extension and internal/external rotation torques demonstrated a similar response during both passive and active-assist extension perturbation of the elbow. However, the response was more enhanced during the activeassist tasks (ANOVA, P Ͻ 0.05, passive vs. active-assist). Across the study group, the peak multijoint active-assist elbow and shoulder torque responses were not significantly dependent on velocity of the imposed elbow movement (P Ͼ 0.05), except for peak elbow torque, which was found to be significantly correlated to velocity during active-assist extension of the arm (P Ͻ 0.05). Elbow extension/flexion and shoulder abduction/adduction torque significantly changed in comparison to the amount of preactivation torque generated during active-assist extension of the elbow based on the results of the ANOVA (P Ͻ 0.05, PRE vs. POST). Similarly, with active-assist elbow flexion, both elbow and shoulder torque responses, except for shoulder abduction/adduction torque, demonstrated a significant change (ANOVA, P Ͻ 0.05, PRE vs. POST). The results from linear regression across PRE, TRANS, and POST demonstrated that although there was a weak correlation across these temporal windows, it was significant (P Ͻ 0.05) for the elbow and the individual shoulder torques, except shoulder internal/external rotation during active-assist elbow extension, and for shoulder abduction/adduction torque during active-assist elbow flexion.
Normalized RMS values of the elbow and shoulder muscles were also quantified during the three temporal windows and the results are shown in Fig. 7 for both passive and active-assist elbow flexion and extension at the test velocity of 60°/s. The results of the biceps and triceps EMG responses demonstrated an increased excitation (shaded arrows) associated with stretch compared with excitation produced voluntarily (Fig. 7, A and  B) . The pectoralis major showed a stronger excitation in response to active-assist extension of elbow (double-sided arrow; Fig. 7C ). This may be due to the fact that the subjects may be trying harder to extend the hand as illustrated from the triceps EMG (Fig. 2B ) and in response produced increased activation of the pectoralis major muscle in synergy. The medial deltoid muscle showed higher activation during both active-assist perturbations of the paretic elbow (double-sided arrow). However, only the response in the biceps muscle showed a significantly greater activation in response to activeassist extension of the elbow based on paired t-test (P Ͻ 0.05, PRE vs. POST). Regression analysis demonstrated a very weak but significant correlation (P Ͻ 0.05) of the biceps, triceps, and medial deltoid EMG response across PRE, TRANS, and POST. The change in biceps EMG response was significant (R 2 ϭ 0.099, P Ͻ 0.05) during active-assist extension. The triceps EMG response was significant during passive (R 2 ϭ 0.091, P Ͻ 0.05) and active-assist elbow flexion (R 2 ϭ 0.086, P Ͻ 0.05), while the EMG response of the medial deltoid was significant during passive (R 2 ϭ 0.079, P Ͻ 0.05) and activeassist elbow extension (R 2 ϭ 0.116, P Ͻ 0.05) as well as during passive elbow flexion (R 2 ϭ 0.069, P Ͻ 0.05).
D I S C U S S I O N
In this study, we showed that active-assist stretch perturbations of the paretic elbow produce heteronymous coupling of the elbow and shoulder muscles in people post stroke. Specifically, coupling between elbow flexors and shoulder adductors was observed during passive elbow extension and switched to shoulder abduction with active-assist extension of the paretic elbow. The change in pattern of shoulder torques with activeassist movement of the elbow indicates a convergence of descending drive and afferent feedback from the stretched muscles of the elbow. The response was more prominent in the elbow flexors and shoulder abductors, possibly indicating a Normalized ensemble averaged root mean square (RMS) values of the EMGs of biceps, triceps, pectoralis major, and medial head of the deltoid across 10 stroke subjects (n ϭ 10; -) and 9 neurologically intact controls (n ϭ 9; ---) during active-assist elbow extension and flexion perturbations at a test velocity of 60°/s are shown. During active-assist elbow extension, stretch reflex excitation of the biceps muscle in stroke subjects exceeded voluntary activation of the biceps during active-assist elbow flexion (-; A). However, in controls, the biceps showed no response during active-assist extension of the elbow (---; A). B: the pectoralis major demonstrated an increase in the amount of excitation during active-assist elbow extension in stroke subjects (-), which was not observed in controls (---; C). The deltoid muscle response increased almost equally during both the active-assist tasks in subjects post stroke (-); however, in controls, the response (---) increased only during active-assist elbow extension.
role of the reticulospinal pathways in mediating these responses because the reticulospinal pathways have been associated with activation of antigravity muscles of the upper extremity post stroke (Dewald and Beer 2001) .
Coupling of multijoint muscles post stroke
Previous studies have demonstrated heteronymous multijoint reflex coupling of the elbow and shoulder muscles in response to imposed passive movements of the spastic elbow (Sangani et al. 2007 ). The mechanisms behind this coupling are thought to be both biomechanical, involving biarticular shoulder and elbow muscles and neural, involving segmental interneurons and possibly even supraspinal reflex pathways. The results obtained with imposed passive elbow perturbations in the current study corroborate the multijoint reflex coupling reported previously (Fig. 3A) ; however, active-assist movements of the arm did not enhance the coupling pattern activated passively, instead they activated a different pattern. Thus shoulder adduction observed during passive extension perturbation of the elbow switched to shoulder abduction (Fig. 4B) , which is similar to the characteristic flexion synergy observed in response to activation of elbow flexors post stroke (Brunnstrom 1970) . Shoulder elevation is also a characteristic of the flexion synergy observed post stroke; however, it was not quantified in the present study. A change in shoulder elevation would have slightly affected the magnitude of the shoulder torques measured, although the coupling between the elbow and shoulder would essentially remain the same. The flexion movement demonstrated a similar trend in some subjects (Fig. 4B ) with initial abduction decreasing during the flexion movement in synchrony with stretch activation of the triceps muscles; however, the torque change was modest across the group (Fig. 5B) , and the difference was not significant.
The coupling of shoulder and elbow torques observed in the current study might be caused by spinal heteronymous reflex coupling originating in stretch-sensitive muscle afferents. Monosynaptic reflex activation of muscles crossing different joints has been observed in cats (Illert and Kummel 1999) , in non-human primates (Alstermark et al. 2007) , and in humans (Malmgren and Pierrot-Deseilligny 1988) . In fact, heteronymous multijoint connections from distal to proximal limb muscles may be better developed in the human upper limb as has been shown for connections from forearm and hand muscles to biceps and triceps motoneurons (Cavallari and Katz 1989; Marchand-Pauvert et al. 2000; Mazevet and PierrotDeseilligny 1994) . Thus the elbow and shoulder coupling observed in present study may result from heteronymous projections of stretched elbow afferents onto a variety of motoneurons activated synergistically post stroke. Interestingly, the response to active-assist stretch (Fig. 3 ) differed from the shoulder and elbow coupling observed during passive movement (Fig. 3) . Exaggerated stretch reflex activation of the antagonist muscles, as observed in the present study (Fig. 2B) , may also provide enough excitation of heteronymous motoneuron pools that are simultaneously activated by supraspinal motor commands during functional movements. Thus the observed heteronymous coupling of multi-joint muscles may represent a coordinated activation of muscles necessary for generating functional responses during voluntary movements (Gielen et al. 1988) .
The results of the homonymous reflexes observed in the present study (Fig. 2B ) are similar to those reported by Lum et al. (2004) demonstrating increased activation of the antagonist (triceps muscle) during active-assist targeted movements of the agonist (brachioradialis). The present study also provides evidence of the responses in muscles crossing the shoulder joint that have not been previously reported. Previous studies have demonstrated disruption of agonist muscle contraction at higher velocities by stretch reflex activation of the antagonist muscles at the knee joint, probably resulting from a decrease in reciprocal inhibition from agonist to the antagonist motoneurons during strong voluntary efforts (Knutsson et al. 1997; McLellan 1977) . The response in normal controls to active-assist movements of the elbow has been reported previously and was shown to produce no stretch reflex activation of the elbow muscles at various velocities (Burgess et al. 2002) , similar to the results observed in the present study. Apparent decreases in reciprocal inhibition post stroke suggest a change in the spinal circuitry that processes stretch sensory feedback.
Reticulospinal neural coupling post stroke
Changes in elbow-shoulder coupling in active versus passive conditions might occur because an enhanced reticulospinal Normalized ensemble averaged RMS values of the EMGs of the biceps, triceps, pectoralis major, and medial head of the deltoid across all stroke subjects (n ϭ 10) during passive and active-assist elbow extension and flexion at 60°/s are shown. Regression lines indicate the linear fit corresponding to the transition of the EMG response across the temporal windows PRE, TRANS, and POST (␣ ϭ 0.05). Stretch reflex excitation of the biceps muscle during active-assist elbow extension was higher than the excitation elicited during voluntary activation of the elbow flexors (A). The response in the pectoralis major muscle was higher during stretch of the elbow flexors, similar to the increase observed in the biceps muscle response (C). Increased excitation of the medial head of the deltoid was observed during both active-assist elbow extension and elbow flexion tasks (D).
drive preferentially activates motoneuron pools of antigravity muscles post stroke. Specifically, the activation of voluntary drive in subjects post stroke may result in an increased ipsilateral reticulospinal excitation, which, in turn, modulates the excitation of spinal interneurons leading to activation of a different set of motoneurons pools (i.e., shoulder abductors; Fig. 4B ) compared with those that were active during passive movements. Kuypers' (1964) lesion studies showed strong ipsilateral reticulospinal projections to ventromedial parts of ventral horn, closely associated with motor nuclei that innervate the axial and proximal limb muscles. Similarly an increase in ipsilateral motor cortical activity post stroke has been correlated with an increase in functional level of the axial muscles (Ward et al. 2003) . Unmasking of these corticoreticulospinal pathways may lead to an increase in activity of the pectoralis major muscle resulting in extension synergies in severely injured subjects post stroke (Schwerin et al. 2008 ). An increase in reticulospinal drive post stroke may also promote a flexed posture of upper extremity during locomotion and functional movements of the lower extremity (Kline et al. 2007) .
Reflex activity through the propriospinal interneurons, which are also activated by reticulospinal drive, could also contribute to the multijoint reflex coupling associated with active-assist movements. The majority of facilitation of spinal motoneurons provided by stimulation of reticulospinal neurons with axons in the medial pontomedullary reticular formation is mediated indirectly via propriospinal and intersegmental interneurons (Peterson 1979) . Single pontomedullary reticular formation neurons in non human primates have been shown to affect motoneurons bilaterally, facilitating the ipsilateral flexors and contralateral extensors while inhibiting the contralateral flexors and ipsilateral extensors (Davidson and Buford 2004; Davidson et al. 2007 ). In the present study, shoulder abduction was a prevalent reflex torque observed during both active-assist extension and flexion of the elbow (see Fig. 4 , A and B), consistent with a reticulospinal modulation of the afferent feedback targeting antigravity muscles including the deltoid, which abducts the shoulder.
Propriospinally mediated synergistic coupling of multijoint muscles
Altered corticospinal drive to propriospinal interneurons could also affect the elbow and shoulder coupling post stroke. Descending facilitation of the propriospinal neurons has been demonstrated during voluntary contractions (Burke et al. 1994; Pierrot-Deseilligny 2002) and thus increased excitability of propriospinal interneurons could explain the coupling of joint actions following stroke (Pierrot-Deseilligny 1996 , 2002 . The central delays of the spatial facilitation of weak peripheral and corticospinal volleys indicate that the interneurons that transmit corticospinal excitation to motoneurons are probably located rostral to the motoneurons (Pierrot-Deseilligny 1996) . Hence if the inhibitory drive to propriospinal interneurons is altered due to a stroke, coupling of multijoint muscles could be affected substantially in the presence of nonspecific corticospinal drive.
The loss of corticospinal inhibition of spinal interneuronal systems could unmask propriospinal reflexes post stroke. In non-human primates, propriospinally mediated EPSPs are revealed by reducing postsynaptic inhibition using intravenous strychnine (Alstermark et al. 2007; Isa et al. 2007) . As a result, propriospinal pathways might normally be suppressed except for targeted motor tasks. After stroke, the inhibitory drive to the propriospinal system is likely to be reduced, contributing to an abnormal coupling of elbow and shoulder muscle contractions. Mazavet et al. (2003) demonstrated that the descending command to upper limb motoneurons relayed through cervical propriospinal neurons is increased in hemiplegic patients with poor recovery. Thus an enhanced excitability of spinal interneuronal reflex pathways due to a loss of corticospinal inhibition following stroke could lead to the emergence of dynamic coupling of elbow and shoulder muscles as demonstrated in the present study.
Biomechanical coupling of muscles crossing multiple joints
The results obtained with active-assist movements of the elbow in individuals post stroke could be partially accounted for by biomechanical coupling of elbow and shoulder through biarticular muscles. Stretch-induced increased excitation of the long head of the biceps may result in shoulder abduction and shoulder flexion observed in the present study during activeassist extension of the elbow. The short head of the biceps has a greater moment arm for shoulder flexion while the long head has been shown to result in shoulder abduction when the shoulder is in a more abducted position (Bassett et al. 1990 ). Thus the results of the study suggest that exaggerated stretch reflex activation of biarticular elbow flexors as observed in Fig.  2B could have contributed to the observed shoulder abduction torque. Further investigation of the onset latencies of uniarticular and biarticular elbow and shoulder muscles to tendon tap perturbations of the elbow flexors and extensors during passive and active-assist contractions would help elucidate spinal and/or supraspinal mechanisms underlying coupling of multijoint muscles post stroke.
Conclusions
The difference in the multijoint coupling under voluntary conditions, compared with passive conditions, may reflect a modulation of the spinal heteronymous stretch reflex by descending drive. Alternately, the reflex feedback could be the same under voluntary conditions, but the descending drive might simply elevate the excitability of motoneuron pools that are less excitable under passive conditions (i.e., shoulder abductors). There were also differences in the timing of the reflex excitation, along with a preactivation by voluntary drive that could have contributed to the differences in the passive and active-assist responses through time-dependent changes in excitability. Regardless, these results suggest that stretch reflexes might contribute to the coupling of elbow and shoulder muscle activity during voluntary tasks in individuals post stroke. 
